We present the p T spectra, elliptic flow (v 2 ) and coalescence parameters B 2 for d, d (1 < p T < 4 GeV/c) and B 3 for 3 He, 3 He (2 < p T < 6 GeV/c) produced at mid-rapidity in Au+Au collisions at √ s NN = 200 GeV. The results are measured in the STAR experiment at RHIC. The spectra of the light nuclei show softer p T distributions than calculations from a blast-wave model in which the parameters were fixed from pion, kaon and proton v 2 (p T ) and p T distributions. The coalescence volume is found to track with pion HBT results for different collision geometries. The v 2 measurement for d(d) as a function of transverse momentum p T is found to follow an approximate atomic mass number (A) scaling while that of 3 He( 3 He) deviates slightly from the scaling. A negative v 2 has been observed for d at low p T , consistent with large radial flow in Au+Au collisions.
In relativistic heavy ion collisions, light nuclei and anti-nuclei are formed through coalescence of produced nucleons and anti-nucleons or participant nucleons [1, 2, 3] . Since the binding energy is small, this formation process can only happen at a late stage of the evolution of the system when interactions between nucleons and other particles are weak. This process is called final-state coalescence [1, 4] . The coalescence probability is related to the local nucleon density. Therefore, the production of light nuclei provides a tool to measure collective motion and freeze-out properties, such as particle density [5] and correlation volume.
Invariant yields for the production of nuclei can be related [1] to the primordial yields of nucleons by Equation 1.
where N A , N p , and N n denote the yields of the particular nucleus, and of its constituent protons and neutrons, respectively. B A is the coalescence parameter. E
is the invariant yield of nucleons or nuclei; A and Z are the atomic mass number and atomic number, respectively; p A , p p and p n are the momenta of the nuclei, protons and neutrons, respectively, where p A = A·p p is assumed. The coalescence parameter, B A , is related to the freeze-out correlation volume [1] :
. For an expanding fireball, the effective homogeneous coalescence volume decreases with transverse mass and temperature (M t /T ) as detailed in Ref. [2] .
On the other hand, a blast-wave model is often used to describe the spectra of identified particles produced in relativistic heavy ion collisions [6, 7] . In this model, the particle spectra are determined by global parameters (temperature, flow profile) and particle mass. Up to now, hydrodynamic model simulations or blast-wave fits to the data only included elementary particles without any composite elements, such as nuclei [6] . Experimental measurements can be used to provide insights into whether the homogeneous volume (as in a coalescence picture) or mass (as in a blast-wave model) has a bigger influence on the yields of nuclei in heavy ion collisions.
In the case of deuteron production at low p T , B 2 ∝ 1/V f . The ratio of deuteron yield over proton yield at the same p T /A (denoted as d/p, andd/p for antideuteron), is proportional to the baryon density [5, 8] . This is analogous to the deuteron to hydrogen ratio (D/H) measurements of Big-Bang nucleosynthesis (BBN), which is a very sensitive probe of baryon abundance in the early universe [9, 10] . Although both processes are sensitive to the baryon density, the processes themselves are very different. In coalescence, a proton and a neutron form a deuteron due to the overlap of the quantum wave function in a dilute QCD medium, while in BBN the deuteron production is through p(n,γ)D photo-production. Nevertheless, it is interesting to investigate whether the coalescence at much higher temperature and density, which existed also at the pre-BBN stage of the early universe, produces a dramatically different deuteron abundance when compared to the photo-production of deuterium in the standard BBN model.
Coalescence has been generalized as a mechanism for partons to form hadrons at an early stage of heavy ion collisions [11, 12] . It is experimentally difficult to study how local correlations and energy/entropy play a role in coalescence at the partonic level since the constituents are not directly observable. By studying the spectra and elliptic flow of nuclei and comparing to those of their constituents (nucleons), we have a better handle on how coalescence happens. It has been found that elliptic flow (v 2 ) of hadrons is very sensitive to their underlying partonic degrees of freedom [13, 11] . An analog in nucleus production is to test if nucleus elliptic flow scales with the atomic mass number (A). Deviations may point to a non-uniform nucleon distribution with respect to the collision geometry or large nuclear density fluctuations. This will provide valuable data for studying the freeze-out dynamics and coalescence mechanism in general.
Previously, measurements of nucleus production at RHIC suffered from low statistics. The first observation of anti-helium [14] at RHIC and measurements of coalescence properties [15] with (anti-)deuterons at RHIC have been previously published. More recently, increasing RHIC luminosity and detector upgrades allow more precise measurements of yield and elliptic flow of nuclei. In this paper, we present spectra and v 2 of the deuteron, 3 He, and their antiparticles (d and 3 He). We compare volumes extracted from nucleus production and from pion HBT. First measurements of 3 He v 2 and high statistics d v 2 at low p T will be presented and their implications will be discussed.
Experiment and analysis
The data presented here are obtained from the Time Projection Chamber (TPC) [16] and the Time-Of-Flight (TOF) detectors [17] in the STAR experiment at RHIC in the year 2004. The TOF detector system was a prototype module covering π/30 rad in azimuth and −1.0 < η < 0 in pseudorapidity. These analyses used a data sample of 25 million central triggered events (0-12% centrality) and 24 million minimum-bias triggered events (0-80% centrality) and TOF information is available for 16 million central and 15 million minimum-bias events. The selection of centrality is based on the Glauber model and is described in Ref. [18] . Measurements of the ionization energy loss (dE/dx) of charged tracks in the TPC gas are used to identify protons, deuterons, 3 He and their anti-particles. By combining the particle identification capability of dE/dx from the TPC and velocity from the TOF, pions and protons can be identified in 0.3 < p T < 12 GeV/c [19, 7] . In our analysis, deuterons and anti-deuterons are identified by TPC for p T < 1 GeV/c and by TOF in the range 1 < p T < 4 GeV/c. However, at low p T (< 1 GeV/c), primary deuterons are overwhelmed by background from knock-out deuterons from the beam pipe and inner detector material, which are difficult to separate from collision products. As a result, only anti-deuterons are counted as collision products. Because the absorption effect and detector efficiency for d at p T < 1 GeV/c are not well simulated in GEANT, and other produced particles in the same event produce large deuteron background from detector material and beam pipe, only identified d in this p T range are used for elliptic flow calculation. The TPC is used to identify 3 He and 3 He in the range 2 < p T < 6 GeV/c. [19, 20] . With tight track quality selections imposed by requiring the number of TPC points in a track to be greater than 25 and the distance of closest approach to the event vertex to be less than 1 cm, the 3 He( 3 He) signals are essentially background free. Panel (c) shows nσ d (standard Gaussian deviation from (dE/dx)| predict ) distribution for d at 0.7 < p T < 1.0 GeV/c. The signal was fit with a Gaussian function and an exponential background. As can be seen in panels (b) and (c) of Figure 1 , the peak centroids in Z and nσ d are shifted from zero. The large shift in 3 He is related to the higher ionization density for particles with charge number >1. See Ref. [21] and Fig. 14 of Ref. [20] . It may be changed by the effects during ion collection. Since this offset does not affect the extracted yields, no attempt was made to more carefully match the overall magnitude of dE/dx. Panel (d) shows m 2 distribution for d at 2.5 < p T < 3.0 GeV/c measured by the TOF after the dE/dx cut (|nσ d | < 2, in which nσ d denotes the standard Gaussian dE/dx deviation from the expected deuteron value.) [7, 19] . The signal was fit with a Gaussian function plus a linear background. The acceptance and tracking efficiencies were studied by Monte Carlo GEANT simulations of the STAR detector [16] .
Results

Spectra and the coalescence parameters
The blast-wave (BW) model has been successfully applied to reproduce the π, K, p, and Λ spectra [7] , and elliptic flow as well as π HBT correlations as a function of transverse momentum and centrality [6] . This model calculates particle production properties by assuming a parameterized fireball expansion after the collision. The model also assumes local thermal equilibrium with an expansion velocity profile as a function of transverse radius, modulated by an azimuthal density distribution [6] . Predictions from this model for nucleus yields and elliptic flow were compared to our data. Figure 2 shows the p T spectra of d(d) and 3 He( 3 He). The parameters obtained from using the blastwave model [6] to describe the spectra and v 2 of π, K, p are used to calculate d(d) and 3 He( 3 He) spectra, with the results shown in Figure 2 . The spectra and v 2 of π, K, p are described simultaneously by a single set of parameters, which is shown in Table 1 (only the 0-80% centrality parameters are shown in the table). In the BW model, the nuclei are simply treated as heavier particles emitted from the fireball. The parameters used in the BW description are T , ρ 0 , ρ 2 , R x /R y , τ 0 and ∆τ , where T is the temperature. The freeze-out distribution is assumed to be infinite along the beam direction (z direction) and elliptical in the transverse direction (x-y plane), R x and R y giving the radii of the ellipse. The parameters ρ 0 and ρ 2 are the zeroth and second order factor of the flow boost along the direction perpendicular to the transverse ellipse, respectively. The source is assumed to emit particles over a finite duration in longitudinal freeze-out proper time (τ = √ t 2 − z 2 ) peaked at τ 0 with a Gaussian distribution width ∆τ . A more detailed description and definition of the parameters and the BW formulae are given in Ref [6] .
In general, the spectra are similar to the model calculations. The ratio between data and model is shown in the bottom panels of Figure 2 . The model calculation tends to give harder spectra than seen in the data. This indicates that the coalescence process results in nuclei p T spectra which do not follow the simple mass dependence expected in the BW model, implying a deviation from simple thermal production. Table 1 BW parameters: see text for details. Here the proton and anti-proton spectra are taken from Ref. [7] . The p(p) spectra have been corrected for feed-down from Λ(Λ) and Σ ± weak decays [7] . As mentioned before,
He( 3 He) if the correlation volumes for d(d) and 3 He( 3 He) are similar. Both B 2 and B 3 show strong centrality dependence. In more central collisions, the smaller coalescence parameter indicates that the correlation volume at thermal freeze-out is larger than for peripheral collisions. This also means that the correlation length in nucleus coalescence grows with the system size. Figure 3 also shows a comparison with the results of pion HBT data. To calculate the freeze-out volume from HBT measurements, we use the following expression:
where V f is the freeze-out volume [2] and R long and R side are the longitudinal and sideward radii, respectively, assuming a density distribution of Gaussian shape in all three dimensions. The R long and R side values are taken from Ref. [6, 22] (k T = 0.2 GeV/c). The d(d) and 3 He( 3 He) transverse momentum ranges are 1.5 < p T < 2.0 GeV/c and 2.0 < p T < 2.5 GeV/c, respectively. The HBT data is chosen at the closest p T to the p T /A for the nuclei coalescence data throughout all of the centrality bins. The observations that the B 2 and √ B 3 coalescence parameters are proportional to 1/V f from pion HBT over the full range of centrality considered indicates that the freeze-out volume for the nuclei is closely related to that for pions.
In the coalescence model [2] , the proportionality factors quantitatively connecting the B 2 and B 3 parameters to the homogeneous volume depend on flow profile, temperature, correction factors due to quantum wave functions, and other detailed assumptions of the coalescence models. A precise extraction of these model-dependent factors from data will be possible in the future when the large uncertainty on B 2 and B 3 is reduced with the improvement of weak-decay feed-down correction to the proton yields [7] .
Elliptic flow parameter v 2
The elliptic flow parameter, v 2 , is the second order Fourier coefficient of the azimuthal distribution of the produced nuclei relative to the reaction plane of the initial nucleus-nucleus collision. The event-plane method was used to obtain the v 2 of nuclei [23] , with the event plane resolution used for correction (calculated using the sub-event method [23] ) of 76% for minimum bias triggered events and 68% for central triggered events. In the following discussions only statistical errors will be shown since the low statistics for deuteron and helium nuclei result in these errors being much larger than the estimated systematic errors. . As mentioned in the previous subsection, the π, K, p spectra and v 2 are all described by a single set of blast-wave parameters and then the spectra and v 2 of d(d), 3 He( 3 He) are calculated. The blast-wave results for the deuteron ( 3 He) v 2 are shown as the solid (dashed) line. As a comparison, the p and Λ + Λ v 2 [22] are superimposed on the plot. Results for deuteron v 2 from coalescence and dynamic models [12] are also shown. The data suggest that the d + d and baryon v 2 seem to follow the A scaling within errors, indicating that the d+d are formed through the coalescence of p(p) and n(n) just before thermal freeze-out. However, the scaled 3 He+ 3 He v 2 appears to deviate a bit more from the blast-wave calculated v 2 . To quantify the degree of agreement with the scaling, we performed a χ 2 analysis by comparing the nucleus v 2 to the curves which describe the baryon data. The χ 2 per degree of freedom for deuteron v 2 is 3.1/2 while that of 3 He is 4.1/2. There appears to be a slightly larger deviation for heavier elements. v 2 , quantitative agreement between data and model throughout the entire centrality and p T range is lacking.
Baryon density at µ B = 0
As discussed in the introductory section, the d/p ratio is proportional to baryon density. In the collider configuration, the production of low-p T deuterons is often overwhelmed by background deuterons from the interaction of energetic hadrons (pions and protons) with detector material close to the beam (beam pipe, etc.). When the net baryon density is close to zero, anti-deuterons can be used as a measure of deuteron production. Reference [5] shows that the baryon density in γp, pp, pA and AA collisions follows a universal distribution as a function of beam energy and can be described by statistical processes. At zero baryon chemical potential (µ B = 0), the d/p ratio and thed/p ratio are identical and the measurements from all systems considered are consistent with each other. For the 5 data points, which are closest to the µ B = 0 condition (Au+Au collisions at √ s NN = 200 GeV (1 point from STAR and the other from PHENIX), e + e − → ggg at √ s = 10 GeV, γp at √ s = 200 GeV, andp + p at √ s = 1.8 TeV), the average value isd/p = (7.6 ± 0.8) × 10 −4 . We note that the D/H value of 2.8 ± 0.2) × 10 −5 obtained from Big Bang nucleosynthesis in the evolution of the Universe [9, 10] is about 4% of what is obtained in higher energy processes.
Summary
Using the particle identification capabilities of the STAR TPC and TOF detectors, we have measured the d(d) and 3 He( 3 He) p T spectra. The extracted coalescence parameters B 2 and √ B 3 have similar values. They have smaller values for more central collisions, which is consistent with an increasing source size with an increase in collision centrality. The nuclei coalescence parameters are proportional to the inverse of the freeze-out volume estimated using the pion HBT radii in all centrality classes. The spectra of nuclei with A = 2 and 3 are in general described by the blast-wave model, which was used to describe the spectrum, elliptic flow, and HBT results. However, the model overpredicts the radial flow, which implies that the coalescence process is different from the simple mass effect as assumed in the blast-wave model. Comparison with blast-wave calculations shows this is consistent with a large radial flow in Au+Au collisions at a small impact parameter.
